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Stimulated by the recent BESIII observation of a new resonance in e+e− → ωχc0 which is consistent with
our predicted ψ(4S ), we estimate the meson loop contribution to ψ(4S ) → ωχc0 in this work. The evaluation
indicates that our theoretical estimate can overlap with the experimental data in a reasonable parameter range.
This fact shows that introduction of the missing higher charmonium ψ(4S ) provides a possible explanation to
the recent BESIII observation. The upper limit of a branching ratio of ψ(4S ) → ηJ/ψ is also predicted to be
1.9 × 10−3, which can be further tested by BESIII, Belle and forthcoming BelleII.
PACS numbers: 14.40.Pq, 13.66.Bc
I. INTRODUCTION
Although the present J/ψ family has become more and
more abundant, there still exist much more puzzling features
of charmonia, especially higher than 4 GeV, which are wait-
ing for resolution. In the past decade, experiments have made
big progress on searching for the charmonium-like states
normally referred to XYZ, where a lot of them come from
the e+e− annihilation processes, e.g., Y(4260) observed in
e+e− → J/ψpi+pi− [1], Y(4360) [2] and Y(4660) [3] reported in
e+e− → ψ(2S )pi+pi−, and Y(4630) existing in e+e− → Λ+c Λ¯−c
[4]. Thus, the e+e− annihilation process is a good platform to
explore charmonium-like states. By carrying out the study
of these experimental observations, which have a close re-
lationship with higher charmonia above 4 GeV, it is helpful
to establish the J/ψ family and to definitely identify exotic
states. The underlying motivation of this study is to enlarge
our knowledge of non-perturbative behavior of quantum chro-
modynamics (QCD), which is a crucial step to gain a deeper
understanding of strong interaction.
Very recently, the BESIII Collaboration announced the ob-
servation of enhancement in the process e+e− → ωχc0 af-
ter performing the search for e+e− → ωχcJ (J = 0, 1, 2),
which is based on the collected data by BESIII at nine center-
of-mass energies from 4.21 to 4.42 GeV [5]. Among the
measured Born cross sections at nine energy points, those at√
s = 4.23 GeV and 4.26 GeV are (55.4 ± 6.0 ± 5.9) pb and
(23.7±5.3±3.5) pb, respectively. There are, however, no sig-
nificant signals for the remaining processes e+e− → ωχc1 and
e+e− → ωχc2. When one uses the Breit-Wigner function to fit
the experimental data of e+e− → ωχc0, a resonance structure
with mass M = (4230 ± 8) MeV and width Γ = (38 ± 12)
MeV was observed [5]. BESIII indicated that this resonance
structure is different from Y(4260) reported in the analysis of
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e+e− → J/ψpi+pi− [1]. It is a challengeable and intriguing task
how to understand this novel phenomenon.
To reveal the underlying mechanism behind the above ob-
servation, the enhancement structure around 4230 MeV with
a narrow width can provide a valuable hint and give an an-
swer why only e+e− → ωχc0 was observed in BESIII. Be-
fore this BESIII observation, we have once predicted a miss-
ing higher charmonium ψ(4S ) with the mass 4263 MeV and
narrow width utilizing the similarity between the J/ψ and Υ
families [6]. There are some theoretical calculations [7–9]
of the mass spectrum of the charmonium by considering the
coupled-channel effect. In fact, the present calculation if in-
cluding the coupled-channel effect is model-dependent since
different coupled-channel models have given different results
of the mass spectrum of the charmonium family [7–9]. To
support our prediction of a missing ψ(4S ) around 4.2 GeV,
we notice three theoretical papers [10–12], where the screened
potential is considered. Their calculations of ψ(4S ) support a
ψ(4S ) with mass around 4.2 GeV, i.e., 4273 MeV [12] and
4247 MeV [11]. To some extent, introduction of the screened
potential is an equivalent description of the coupled-channel
effect, which was indicated in Ref. [8].
Comparing the resonance parameters of the predicted
ψ(4S ) with those of the enhancement structure given by BE-
SIII [1], we notice the structure existing in e+e− → ωχc0
is consistent with our predicted missing ψ(4S ). Therefore,
the enhancement around 4230 MeV in e+e− → ωχc0 can be
identified as ψ(4S ). With this assignment, we need to fur-
ther explain the cross section of e+e− → ωχc0 experimen-
tally measured, which is the main task of this work. Since
the threshold values of ωχc0, ωχc1, and ωχc2 are 4197 MeV,
4293 MeV, and 4338 MeV, respectively, it is obvious that
the central mass of ψ(4S ) (if taking the experimental value
M = 4230 ± 8 MeV [5]) is just above the ωχc0 threshold
and below the ωχc1,2 thresholds. This fact naturally explains
why only e+e− → ωχc0 was observed for the first time in
BESIII. This is because introduction of a long-term missing
ψ(4S ) kinematically forbids ψ(4S )→ ωχc1,2.
In the following, we will study the e+e− → ωχc0 process
via the intermediate ψ(4S ). Since the Born cross sections
of e+e− → ωχc0 were measured by BESIII [5], we are able
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2to compare our numerical results with the experimental data,
which can be tested whether introduction of ψ(4S ) contribu-
tion is reasonable to explain this recent BESIII observation.
In the next section, we present more details of the calculation
of e+e− → ψ(4S )→ ωχc0.
The decay ψ(4S ) → ηJ/ψ similar to ψ(4S ) → ωχc0 can
occur, which is a typical transition accessible by experiment.
Hence, in this work we also study the ψ(4S ) → ηJ/ψ decay,
where the partial width of this decacy and the cross section
of e+e− → ψ(4S ) → ηJ/ψ are predicted. These are impor-
tant informations for experimentalists to further search for the
e+e− → ηJ/ψ process, which can be seen as a further test of
our understanding of the BESIII observation of e+e− → ωχc0.
This work is organized as follows. After Introduction,
we present the detailed calculation of ψ(4S ) → ωχc0 and
ψ(4S )→ ηJ/ψ in Sec. II. In Sec. III, the numerical results are
given. The last section ends with the conclusions and discus-
sion.
II. ψ(4S )→ ωχc0 AND ψ(4S )→ ηJ/ψ TRANSITIONS
For the hidden-charm decays of higher charmonium, the
hadronic loop mechanism plays an important role to mediate
these decays. In the past decade, there were some discussions
of this point, which shows that the novel phenomena existing
in the decays of higher charmonia, bottomonia and B mesons
can be indeed understood well by the hadronic loop mecha-
nism [13–25].
For the discussed ψ(4S ) → ωχc0 and ψ(4S ) → ηJ/ψ tran-
sitions, ψ(4S ) is above the threshold of D(∗)(s)D¯
(∗)
(s) and dom-
inantly decays into a pair of charmed mesons or charmed
strange mesons [6], where the corresponding partial decay
widths were calculated in Ref. [6]. On the other hand, the
ψ(4S ) → ωχc0 and ψ(4S ) → ηJ/ψ transitions can occur via
the hadronic loop mechanism. For example, the initial state
ψ(4S ) can decay into the final state ωχc0 via the charmed me-
son loops, which are shown in Fig. 1.
ψ(4S)
D(∗)
D¯
D
ω
χc0
ψ(4S)
D(∗)
D¯∗
D∗
ω
χc0
(a) (b)
FIG. 1: Sketchy diagrams of the meson loop contributions to
ψ(4S )→ ωχc0. (a) and (b) correspond to ψ(4S )→ [D(∗)D¯]D → ωχc0
and ψ(4S )→ [D(∗)D¯∗]D∗ → ωχc0 decays, respectively,
To calculate the hadronic loop contributions to the ψ(4S )→
ωχc0 and ψ(4S ) → ηJ/ψ decays, we utilize the effective
Lagrangian approach, where the the effective interaction La-
grangians are constructed by respecting heavy quark limit
and chiral symmetry [26–29]. The involved effective La-
grangians that are related to interactions among charmonium
and charmed mesons and among vector/pseudoscalar meson
and charmed mesons read as
LψD(∗)D(∗) = −igψDDψµ(∂µDD† −D∂µD†)
+gψD∗Dεµναβ∂µψν(D∗α
↔
∂β D† −D
↔
∂β D∗†α )
+igψD∗D∗ψµ(D∗ν∂νD∗†µ − ∂νD∗µD∗†ν
−D∗ν
↔
∂µ D∗ν†), (1)
Lχc0D(∗)D(∗) = −gχc0DDχc0DD† − gχc0D∗D∗χc0D∗µD∗µ†, (2)
LD(∗)D(∗)V = −igDDVD†i
↔
∂
µ
D j(Vµ)ij − 2 fD∗DVεµναβ
×(∂µVν)ij(D†i
↔
∂
α
D∗β j −D∗β†i
↔
∂
α
D j)
+igD∗D∗VD∗ν†i
↔
∂
µ
D∗ jν (Vµ)ij
+4i fD∗D∗VD∗†iµ (∂µVν − ∂νVµ)ijD∗ jν , (3)
LD(∗)D(∗)P = −igD∗DP(D¯∂µPD∗µ − D¯∗µ∂µPD)
+
1
2
gD∗D∗PµναβD¯∗µ∂νP
↔
∂α D∗β, (4)
whereV andP denote the matrix of the vector octet and pseu-
doscalar octet, respectively. The explicit expressions for V
and P are
V =

1√
2
(ρ0 + ω) ρ+ K∗+
ρ− 1√
2
(−ρ0 + ω) K∗0
K∗− K¯∗0 φ
 . (5)
P =

pi0√
2
+ αη + βη′ pi+ K+
pi− − pi0√
2
+ αη + βη′ K0
K− K¯0 γη + δη′
 , (6)
where the corresponding mixing angles are defined as α =
(cos θ − √2 sin θ)/√6, β = (sin θ + √2 cos θ)/√6, γ =
(−2 cos θ − √2 sin θ)/√6, and δ = (−2 sin θ + √2 cos θ)/√6.
In the present calculations, we adopt θ = −19.1◦ determined in
Refs. [32, 33]. Since ψ(4S ) and J/ψ have the same JPC quan-
tum numbers, the interaction Lagrangians for ψ(4S )D(∗)D(∗)
have the same forms as those describing the interactions for
J/ψD(∗)D(∗), where the coupling constants will be given later.
With these effective Lagrangians listed in Eqs. (1)-(4), we
can obtain the Feynman rules, which are collected in Ap-
pendix.
With the above preparation, we can easily write out the de-
cay amplitudes for ψ(4S ) → ωχc0 and ψ(4S ) → ηJ/ψ, where
a general form of the decay amplitude is
M =
∫
d4q
(2pi)4
V1V2V3
P1P2PE F
2(q,mE), (7)
where Vi are triple couplings and 1/Pi correspond to the
propagators with 1/PE expressing the exchanged-meson
3propagator. The concrete expressions for the amplitude
ψ(4S ) → ωχc0 with the meson loop contributions are similar
to those in our former work relevant to Υ(5S )→ ωχb0 [20]. In
Eq. (7), the form factor F (q,mE) is taken as a monopole ex-
pression F (q,mE) = (m2E −Λ2)/(q2−Λ2), which is introduced
to describe the structure effect of interacting vertices and off-
shell effect that results from the exchanged meson. Here, the
cutoff Λ can be further parameterized as Λ = αΛΛQCD + mE
with ΛQCD = 220 MeV and mE denotes the exchanged-meson
mass. The free parameter αΛ should be of order one, which
is not a universal parameter and is dependent on the concrete
processes [34]. In addition, the introduced form factor plays
a role of regularization to get rid of the UV divergence of the
loop integrals, which is similar to the Pauli-Villas regulariza-
tion scheme.
In the following, we elucidate how to determine the values
of the involved coupling constants in our calculation. With the
Lagrangian listed in Eq. (1), we get the partial decay widths
of the open charm decays of ψ(4S ), i.e.,
Γψ(4S )→DD =
g2ψ(4S )DDλ(m
2
ψ(4S ),m
2
D,m
2
D)
3/2
24pim5ψ(4S )
, (8)
Γψ(4S )→D∗D =
g2ψ(4S )D∗Dλ(m
2
ψ(4S ),m
2
D∗ ,m
2
D)
3/2
6pim3ψ(4S )
, (9)
Γψ(4S )→D∗D∗ =
g2ψ(4S )D∗D∗λ(m
2
ψ(4S ),m
2
D∗ ,m
2
D∗ )
3/2
96pim5ψ(4S )m
4
D∗
×(λ(m2ψ(4S ),m2D∗ ,m2D∗ ) + m4ψ(4S ) + 12m4D∗ ), (10)
where λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz denotes the
Ka¨llen function. We can obtain the partial decay width related
to charmed strange mesons by replacing the charmed meson
masses with the corresponding masses of charmed strange
mesons and multiplying a factor 1/2 caused by isospin.
With the relations in Eqs. (9)-(10) and the partial decay
widths estimated in Ref. [6], we can evaluate the coupling
constants related to the interactions ψ(4S )D(∗)(s)D¯
(∗)
(s). Since the
partial decay widths in Ref. [6] are dependent on the param-
eter R1, which is introduced in the harmonic oscillator wave
function for ψ(4S ), the extracted coupling constants also vary
with the parameter R, which is presented in Fig. 2.
1 Until now, the information on the open charm decay of the predicted ψ(4S )
is still absent. Therefore, we adopt the theoretical results of the partial
decay width of ψ(4S ), which were calculated by the quark pair creation
(QPC) model [6]. In the QPC model, the simple harmonic oscillator (SHO)
wave function is employed to describe the spatial wave functions of mesons
involved in the discussed decays, where the R value is the parameter in the
SHO wave function Ψn`m(R,p) = Rn`(R,p)Y`m(p).
TABLE I: The concrete values of coupling constants of charmo-
nium (J/ψ and χc0) interacting with charmed mesons, and those of
charmed mesons interacting with light pseudoscalar/vector mesons
[26–29].
Coupling Value Coupling Value Coupling Value
gJ/ψDD 7.44 gJ/ψD∗D 2.49 GeV−1 gJ/ψD∗D∗ 8.01
gDDV 3.47 gD∗DV 2.32 GeV−1 gD∗D∗V 3.74
fD∗D∗V 4.67 gχc0DD -25.00 GeV gχc0D∗D∗ -8.96 GeV
gD∗DP 8.94 gD∗D∗P 17.32 GeV−1
Other coupling constants χc0D(∗)D(∗), J/ψD(∗)D(∗),
D(∗)D(∗)P, and D(∗)D(∗)V can be estimated by considering
heavy quark limit and chiral symmetry, which are given in
Refs. [26–29]. In Table I, we list the concrete values of these
coupling constants adopted in our calculation. The coupling
constant involved in charmed strange mesons can be obtained
by the relations gYD(∗)s D(∗)s =
√
mD(∗)s mD(∗)s /mD(∗)mD(∗) gYD(∗)D(∗)
with Y = J/ψ, χc0, V, P [26–29]. In addition, the mass
values of the mesons in the decays under discussion are
collected in Table II [30].
TABLE II: The masses of the involved particles in present work.
State Mass [30]
ψ(4S ) 4230 ± 8 GeV [5]
J/ψ 3096.9 ± 0.011 MeV
χc0 3414.75 ± 0.31 MeV
η 547.862 ± 0.018 MeV
ω 782.65 ± 0.12 MeV
D0/± 1864.84 ± 0.07/1869.61 ± 0.01 MeV
D∗0/± 2006.96 ± 0.10/2010.26 ± 0.07 MeV
Ds 1968.3 ± 0.11 MeV
D∗s 2112 ± 0.4 MeV
R (GeV)−1R (GeV)−1
gψ(4S)D∗D
gψ(4S)DD
gψ(4S)D∗D∗
gψ(4S)D∗sDs
gψ(4S)D∗sD∗s
gψ(4S)DsDs
FIG. 2: (color online). The R dependence of the extracted coupling
constants of ψ(4S ) interacting with charmed or charmed-strange
mesons.
4III. NUMERICAL RESULTS
Before presenting the numerical results, we first focus on
the BESIII measurement of e+e− → ωχc0 [5]. If explaining
the observed enhancement structure existing in e+e− → ωχc0
to be ψ(4S ), the BESIII data indicates [5]
Γ(ψ(4S )→ e+e−)B(ψ(4S )→ ωχc0) = (2.7 ± 0.5 ± 0.4) eV,
(11)
which can be applied to extract the branching ratio of
ψ(4S )→ ωχc0. In order to get the branching ratioB(ψ(4S )→
ωχc0) from Eq. (11), we have to rely on the theoretical eval-
uation of the width Γ(ψ(4S ) → e+e−). In Refs. [11, 12],
the screen potential was considered when studying the mass
spectrum of the charmonium family. The mass of ψ(4S )
is calculated in Refs. [11, 12] and is given by 4274 MeV
and 4273 MeV, respectively, both of which are close to the
mass of the enhancement structure reported by BESIII [5].
In Refs. [11, 12], the partial width of ψ(4S ) → e+e− was
also estimated, i.e., Γ(ψ(4S ) → e+e−) = 0.63 keV [11] and
Γ(ψ(4S )→ e+e−) = 0.66 keV [12]. If taking theoretical range
Γ(ψ(4S ) → e+e−) = 0.63 ∼ 0.66 keV, we can obtain the
branching ratioB(ψ(4S )→ ωχc0) = (3.1 ∼ 5.3)×10−3, which
is the same order of the upper bound for B(Υ(5S ) → ωχb0)
[31]. This extracted B(ψ(4S )→ ωχc0) ratio will be compared
with our calculation.
Using the formula given above, we calculate the
ψ(4S )→ ωχc0. In Fig. 3, we present the branching ratio
of ψ(4S )→ ωχc0 dependent on αΛ and R values, where we
use the theoretical total decay width of ψ(4S ) to transfer the
obtained partial decay width to the branching ratio [6]. Ac-
tually, the calculated total and partial widths of the predicted
ψ(4S ) in Ref. [6] are model-dependent. For example, the
total and partial widths are proportional to the square of the
strength of quark-antiquark pair creation, i.e., Γtotal ∝ γ2 and
Γi ∝ γ2 [6], where Γtotal and Γi denote the total and partial
widths, respectively. Although the uncertainty of γ leads to
the uncertainties of the total and partial decay widths, there
does not exist propagation of the uncertainty of γ on the calcu-
lated branching ratios of ψ(4S ) → ωχc0 and ψ(4S ) → ηJ/ψ,
since these calculated branching ratios are independent on the
γ value. The upper and lower limits of branching ratio ob-
tained from the experimental measurement are also given in
Fig. 3. From our present calculation, we find that our theoret-
ical result overlaps with the experimental data in a reasonable
parameter range, which is sandwiched by two curves in Fig.
3. This study shows that the e+e− → ωχc0 observation can be
understood through introduction of the predicted ψ(4S ) con-
tribution, which implies that it is reasonable to identify the
enhancement near 4.2 GeV in the e+e− → ωχc0 cross section
as the missing ψ(4S ).
In the same way as ψ(4S ) → ωχc0, we can also study the
hidden charm decay process ψ(4S ) → ηJ/ψ via the hadronic
loop mechanism2. The phase space of ψ(4S )→ J/ψη is larger
2 In Ref. [19], we have estimated the meson loop contributions to the η
R (GeV)−1
α
Λ
B(ψ(4S)→ ωχc0)(×10−3)
FIG. 3: (color online). The branching ratio of ψ(4S ) → ωχc0 de-
pending on the R value and parameter αΛ. Comparison with the ex-
tracted experimental data is shown in black solid curves [5].
R (GeV)−1
α
Λ
B(ψ(4S)→ ηJ/ψ)(×10−3)
FIG. 4: (Color online) The branching ratio of ψ(4S )→ ηJ/ψ depen-
dent on the R value and parameter αΛ. Here, the range sandwiched by
the black curves gives a possible branching ratio of ψ(4S ) → ηJ/ψ
corresponding to parameter range, which are the constraints given by
the study of ψ(4S )→ ωχc0.
than that of ψ(4S )→ ωχc0. ψ(4S )→ ηJ/ψ occurs via P-wave
while ψ(4S ) decays into ωχc0 through S -wave, which is the
difference between ψ(4S )→ ηJ/ψ and ψ(4S )→ ωχc0.
In Fig. 4, the R and αΛ dependence of the branching ratio
ψ(4S ) → ηJ/ψ is presented. If taking the same parameter
range as that of ψ(4S ) → ωχc0, we find that there is large
variation between the upper and lower limits of the branching
ratio of ψ(4S ) → ηJ/ψ. Thus, in this work we incline to
predict the upper limit of the branching ratio, i.e.,
B(ψ(4S )→ ηJ/ψ) < 1.9 × 10−3,
transition between ψ(4040)/ψ(4160) and J/ψ, which are consistent with
the experimental measurements.
5which can be tested in future experiments, especially BESIII
and forthcoming BelleII.
Calculation of a decay width has a close relationship with
input parameters like coupling constants and masses. Since
the involved coupling constants and masses carry error bars,
we should further discuss error contributions to final results.
However, we notice that most of the coupling constants listed
in Table I were given in Refs. [26–29] without including their
errors. Thus, in this work it is difficult to discuss error effects
of coupling constants to the decay widths we calculate. In
Table II, we show the masses of the involved mesons with
errors, which show that measurement of their masses is very
precise since their masses carry very small errors except for
ψ(4S ). In the following, we only discuss the dependence of
decay widths on the error of the ψ(4S ) mass.
If considering the error bar of the ψ(4S ) mass, the partial
and total decay widths of ψ(4S ) will depend on both the mass
of ψ(4S ) and the R value. To discuss the mass dependence of
the branching ratio of ψ(4S ) → ωχc0, we take a typical value
of R = 2.0 GeV−1. In Fig. 5, we present the αΛ dependence
of the branching ratio of ψ(4S ) → ωχc0 with three values of
the ψ(4S ) mass, which are 4222 MeV, 4230 MeV, and 4238
MeV, respectively, and are within an error range. From the
figure, one can conclude that the ψ(4S ) mass weakly affects
the branching ratio of ψ(4S )→ ωχc0.
αΛ
B(
ψ
(4
S
)
→
ω
χ
c0
)(
×1
0−
3
)
mψ(4S) = 4222 MeV
mψ(4S) = 4230 MeV
mψ(4S) = 4238 MeV
FIG. 5: (Color online). The αΛ dependence of B(ψ(4S ) → ωχc0)
with different values of the ψ(4S ) mass. The horizontal band is
the extracted experimental data, which correspond to 3.1 × 10−3 <
B(ψ(4S )→ ωχc0) < 5.3 × 10−3.
IV. CONLCUSIONS AND DISCUSSION
In this work, we have proposed that the newly observed
e+e− → ωχc0 by BESIII [1] can be due to the contribution
from the missing charmonium ψ(4S ), which was predicted in
Ref. [6] by the similarity between charmonium and bottomo-
nium families. This proposal is supported by the comparison
between the resonance parameter of the reported structure in
e+e− → ωχc0 [1], the theoretical results in Ref. [6], and the
estimated mass of ψ(4S ) via the screen potential [11, 12].
If the above assumption is correct, we must understand
e+e− → ωχc0 process by studying the ψ(4S ) → ωχc0 de-
cay and comparing this calculation with the corresponding
extracted experimental data. Accordingly, in the present work
we have studied the ψ(4S ) → ωχc0 decay mediated by the
hadronic loop mechanism. Our theoretical calculation has
shown that the extracted branching ratio of the ψ(4S )→ ωχc0
transition can be well described, which provides a direct sup-
port to our proposal.
We need to specify that there exists αΛ dependence of the
calculated branching ratio of ψ(4S ) → ωχc03. At present, the
definite value of αΛ is unknown and cannot be fixed by other
relevant processes, which makes us difficult to give a definite
conclusion that the BESIII observation of e+e− → χc0ω is
from the ψ(4S ) contribution. In this work, we only give a pos-
sible explanation to the process e+e− → χc0ω experimentally
observed by introducing the ψ(4S ) contribution since the ex-
tracted branching ratio of ψ(4S ) → ωχc0 can be reproduced
with some typical and reasonable αΛ values. More theoreti-
cal and experimental joint efforts will be helpful to clarify this
point.
As a prediction, the upper limit of the branching ratio of
ψ(4S ) → ηJ/ψ has been given, which is similar to the dis-
cussed ψ(4S )→ ωχc0. The predicted upper limit of ψ(4S )→
ηJ/ψ indicates that ψ(4S ) → ηJ/ψ can be accessible at fu-
ture experiment, especially at BESIII, Bellle and forthcom-
ing BelleII, where we have also suggested a measurement of
e+e− → ηJ/ψ to be carried out. In Ref. [37], the measurement
of the J/ψη in variant mass distribution of e+e− → J/ψη was
given by Belle. We notice that there exists a narrow structure
around 4.23 GeV. Thus, we suggest Belle to carry out a fur-
ther fit through including ψ(4040), ψ(4160), and the predicted
ψ(4S ) with narrow width.
Before closing this work, we should mention the measure-
ment of the cross section of e+e− → pi+pi−hc at √s = 3.90 ∼
4.42 GeV done by BESIII [35]. Here, the measured cross sec-
tion of e+e− → pi+pi−hc is of the same order of magnitude
as that of the e+e− → pi+pi−J/ψ. However, the lineshape of
e+e− → pi+pi−hc is different from that of e+e− → pi+pi−J/ψ.
By fitting the available experimental data of e+e− → pi+pi−hc
from 3.90 to 4.42 GeV, a narrow structure around 4.2 GeV
was discovered, where the mass and width are reported to be
M = 4216 ± 7 MeV and Γ = 39 ± 17 MeV or M = 4230 ± 10
MeV and Γ = 12 ± 36 MeV [36], which depend on the dif-
ferent assumptions of lineshape trend above 4.42 GeV. In Ref.
[6], the authors have once suggested that this narrow struc-
ture existing in e+e− → pi+pi−hc can be due to the predicted
missing ψ(4S ).
3 We thank the anonymous referee for pointing out this fact.
6TABLE III: Summary of resonance parameters of the structures re-
ported in the e+e− → ωχc0 and e+e− → pi+pi−hc processes.
Process Mass (MeV) Width (MeV)
e+e− → ωχc0 [1] 4230 ± 8 ± 6 38 ± 12 ± 2
e+e− → pi+pi−hc [36] 4216 ± 7 39 ± 17
4230 ± 10 12 ± 36
We notice that the cross sections of the e+e− annihilation
into a pair of charmed and/or charmed-strange mesons have
been measured in Refs. [38–42] to search for charmonium-
like state Y(4260). The analysis presented in Refs. [38–42]
shows no evident signal of Y(4260) in its open-charm decay
channels. This is because Y(4260) is totally different from the
predicted ψ(4S ) since the widths of Y(4260) and predicted
ψ(4S ) are quite different from each other, i.e., Y(4260) is a
broad state with the width 120 ± 12 MeV [30], while the pre-
dicted ψ(4S ) have a narrow width as indicated in Ref. [6],
which can be the reason why the predicted ψ(4S ) is not de-
scribed in the analysis of the open-charm decay channels [38–
42] and the R value scan [43–50].
For the predicted ψ(4S ), it has open-charm decay channels
[6], which means that there should be a ψ(4S ) evidence in the
experimental data of the e+e− → D(∗)(s)D¯(∗)(s) processes. When
carefully checking the Belle [38] and BaBar [42] data of of
e+e− → DD¯ , we find that there exists a narrow structure
around 4.2 GeV, which can correspond to the missing ψ(4S )
we have predicted in the present work (see Fig. 6 for more
details). We need to specify that Belle and BaBar [38, 42]
adopted the same bin size (20 MeV) in their analysis. If com-
paring the Belle result with the BaBar data just shown in Fig.
6, we still find that there exists obvious difference between
the Belle [38] and BaBar [42] data. For example, the concrete
position of the peak around 4.2 GeV shown in the BaBar data
is lower than that given in the Belle data. This experimen-
tal situation of e+e− → D(∗)(s)D¯(∗)(s) should be clarified by further
experimental effort.
Besides the experimental data of e+e− → DD¯ [38, 42], ex-
periment also reported other measurements of the open-charm
decay channels from the e+e− annihilation [39–42], i.e., the
cross sections of e+e− → D∗+D∗− and e+e− → D+D∗− were
reported by Belle in [39], while the event of e+e− → D∗D¯
and e+e− → D∗D¯∗ dependent on the invariant mass distri-
butions M(D∗D¯) and M(D∗D¯∗), respectively, was given by
BaBar [42], where both Belle and BaBar adopted 20 MeV
bin size in the analysis. In addition, Belle also measured the
cross sections of e+e− → D0D−pi+ [40] and e+e− → D0D∗−pi+
[41] dependent on the mass distributions M(D0D−pi+) and
M(D0D∗−pi+), respectively. If checking the analysis in Refs.
[40, 41], we find that the bin size is about 40 MeV, which
is larger than the width of the predicted ψ(4S ). It is difficult
to identify the signal of the predicted ψ(4S ) by the measured
cross sections in Refs. [40, 41].
However, we also notice the experimental data released in
Refs. [39, 42], where the bin size is taken as 20 MeV and
one data collected per bin. There are two data in the region of
the resonance for the DD¯∗, and D∗D¯∗ channels [39, 42], but
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FIG. 6: (Color online) The experimental data of e+e− → DD¯ from
the Belle [38] and BaBar [42] collaborations and the comparison
with the central masses of ψ(4040), ψ(4160), ψ(4415) and the pre-
dicted ψ(4S ). Here, the predicted mass is taken from Ref. [1].
those are compatible with the background and does not reflect
any resonance4. Just shown in Table III, the measurements of
the width of the structures existing in the e+e− → ωχc0 [1]
and e+e− → pi+pi−hc [36] processes are different from each
other. If considering experimental 12 ± 36 MeV [36], where
this central value of width is smaller than the bin size adopted
in Refs. [39, 42], it is still difficult to observe a corresponding
enhancement through the data of the open-charm decay chan-
nels listed in Refs. [39, 42]. In addition, the experimental fact
shown in Refs. [39, 42] can also provide an extra support to
the peculiarity of the predicted ψ(4S ), i.e., ψ(4S ) should be
a very narrow state with full width smaller than 20 MeV [6],
since there does not exist any enhancement around 4230 MeV
by analyzing the data with 20 MeV bin size of the DD¯∗, and
D∗D¯∗ channels [39, 42].
Thus, the resonance parameter of ψ(4S ) is a crucial infor-
mation. Considering this status, we firstly suggest more pre-
cise measurement of the resonance parameters of the narrow
structures in e+e− → ωχc0 [1] and e+e− → pi+pi−hc [36]. The
further experimental result of the DD¯, DD¯∗, and D∗D¯∗ chan-
nels can be applied to test this ψ(4S ) assignment proposed in
the present work.
Secondly, we still need more experimental data of the open-
charm decays from the e+e− annihilation and R value scan,
where the small bin size should be adopted. These exper-
imental efforts will be useful to give a definite conclusion
of whether the predicted ψ(4S ) can be found in these chan-
nels. BESIII and forthcoming BelleII have good opportunity
to carry out such precise measurements in the following years.
4 We thank the anonymous referee for reminding us this information.
7At present, we can find two experimental evidences for ex-
istence of a narrow charmonium ψ(4S ), where we collect the
experimental information of the narrow structures near 4.2
GeV in Table III. Comparing the experimental data listed in
Table III, we notice that these data are comparable with each
other when considering the experimental errors. Combining
them with our prediction of the branching ratio of ψ(4S ) →
ηJ/ψ, we expect that there exists a similar narrow structure
near 4.2 GeV in the ηJ/ψ distribution of e+e− → ηJ/ψ. In
Ref. [37], Belle measured the ηJ/ψ invariant mass distribu-
tion of e+e− → ηJ/ψ. Thus, we suggest Belle to redo the
analysis by including the predicted ψ(4S ), which is an inter-
esting issue. We also expect more experimental progresses in
future experiments, especially Belle, BESIII, and forthcoming
BelleII.
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Note added: After submitting our paper to arXiv, we have
noticed a very recent work of e+e− → ωχc0 in arXiv [51], in
which the authors suggested that e+e− → ωχc0 can be due to
the intermediate ψ(4160) contribution.
Appendix
The Feynman rules corresponding to effective Lagrangians
listed in Eq. (1) are
p0
p1
p2
ψ(4S)
D
D¯
µ
=̂ igψDD(ip2µ − ip1µ), (12)
p0
p1
p2
ψ(4S)
D∗
D¯
µ α
=̂ gψD∗Dεθµατ(−ipθ0)(ipτ2 − ipτ1), (13)
p0
p1
p2
ψ(4S)
D
D¯∗
µ
δ
=̂ gψD∗Dεθµατ(−ipθ0)(ipτ1 − ipτ2), (14)
p0
p1
p2
ψ(4S)
D∗
D¯∗
µ α
δ
=̂ igψD∗D∗ (ipα2g
δ
µ − ipδ1gαµ
−i(p2µ − p1µ)gαδ). (15)
With Eq. (2), we can obtain the Feynman rules related to
the χc0D(∗)D(∗) couplings, i.e.,
p2
q
p4
χc0
D
D¯ =̂ −gχc0DD, (16)
p2
q
p4
χc0
D∗
D¯∗
σ
φ
=̂ −gχc0D∗D∗gφσ. (17)
Next, we get the Feynman rules from Eq. (3), which depicts
the coupling of charmed mesons with ω meson,
p1
p3
q
ων
D
D
=̂ −igDDV(−i(p1ν + qν))νV, (18)
p1
p3
q
ων
D∗
D
ρ =̂ −2 fD∗DVεθντρ(ipθ3)νV(ipτ1 + qτ), (19)
p1
p3
q
ων
D
D∗
β
=̂ −2 fD∗DVεθντρ(ipθ3)νV(−ipτ1 − qτ), (20)
p1
p3
q
ων
D∗
D∗
ρ
β
=̂ igD∗D∗VνV(−ip1ν − iqν)gβρ
+4i fD∗D∗VνV(ip
ρ
3g
β
ν − ipβ3gρν). (21)
Similarly, the Feynman rules corresponding to the interaction
of charmed mesons with η meson can be easily extracted from
Eq. (4), i.e.,
p1
p3
q
η
D∗
D
ρ =̂ −igD∗DP(−ipρ3), (22)
p1
p3
q
η
D
D∗
β
=̂ −igD∗DP(ipρ3), (23)
p1
p3
q
η
D∗
D∗
ρ
β
=̂
1
2
gD∗D∗Pρθτβ(ipθ3)(−ipτ1 − iqτ). (24)
In addition, the involved propagators are given by
p
D =̂
i
p2 − m2D
, (25)
p
D∗
µ ν =̂
i(−gµν + pµpν/m2D∗ )
p2 − m2D∗
. (26)
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